IgG has the longest survival time in the circulation of the Ig classes and the lowest fractional catabolic rate. The neonatal Fc receptor (FcRn) plays an important role in regulating these processes. Recently, we have cloned the bovine neonatal Fc receptor (bFcRn) alpha chain and detected its expression in various epithelial cells which are mediating IgG secretion. However, its function in IgG homeostasis has not been investigated. In the current study, we analyzed the binding affinity of bovine and human IgGs to bFcRn using surface plasmon resonance and by in vitro radioreceptor binding assays. As human IgG binds stronger to the bFcRn, than bovine IgG at pH 6, we subsequently analyzed its catabolism in normal and transchromosomic calves that produce human Igs. Pharmacokinetic studies showed that human IgG had~33 days serum half-life both in normal and transchromosomic calves, which is more than two times longer than its bovine counterpart. We also demonstrate FcRn expression in endothelial cells and in the kidney which are supposed to be involved in IgG metabolism. These data suggest that bFcRn is involved in IgG homeostasis in cattle and furthermore, that the transchromosomic calves producing human Igs can effectively protect their human IgGs which have implications for successful large-scale production of therapeutic antibodies.
Introduction
Human polyclonal antibodies can be used for a wide variety of therapeutic applications, including treatment of antibioticresistant infections, immune deficiencies and various autoimmune diseases. However, as they are available only from human donors who cannot be readily hyperimmunized, supply is limited. Transgenic mice carrying human Ig loci have previously been created (1) (2) (3) and are useful for the derivation of human mAbs antibodies. However, large-scale production of human antibodies cannot be gained from these animals. To address this need, transchromosomic calves carrying the human Ig heavy-chain and light-chain loci have recently been produced. These animals express diversified transcripts and human Igs have been detected in the blood (4) . Since the majority of human therapeutic antibodies are of the IgG class, it is of importance to understand human IgG homeostasis in cattle.
The metabolism of IgG differs from those of the other classes of Igs, in that IgG has the longest survival time in the circulation and the lowest fractional catabolic rate (5) . IgG elimination is likely dominated by affinity for the neonatal Fc receptor (FcRn) , and the nature of and affinity for the specific target of the antibody (6, 7) . However, other factors may contribute to the rate of antibody elimination, including the immunogenicity of the antibody (8) , the degree and nature of the glycosylation of the antibody (9) (10) (11) and the susceptibility of the antibody to proteolysis (12) .
The FcRn is a heterodimer that comprises a transmembrane a chain with structural homology to the extracellular domains of the a chain of MHC class I molecules, and a light chain consisting of beta 2-microglobulin (b2m) (13) . FcRn mediates both transcytosis of maternal IgG to the fetus or neonate and IgG homeostasis in adults (14) . Evidence for the latter role initially derived from studies indicates an unusually short serum half-life of IgG in b2m-deficient mice (15) (16) (17) . This observation led to the generation of mutant mouse Fc fragments with enhanced binding to FcRn and increased serum persistence in mice (18) , and in a more recent study a similar observation has been published with mutant human IgGs in rhesus monkeys (19) . Earlier pharmacokinetic studies indicated that most plasma proteins, including IgG, were catabolized in close contact with the vascular space, which led to the hypothesis that the catabolic site for IgG and other proteins was most likely the vascular endothelium (5) . Analyses in mice have proven that IgG homeostasis is indeed maintained by vascular endothelial cells (20) . Interestingly, FcRn also binds albumin and prolongs its halflife in a concentration-dependent manner like is seen for IgG (21, 22) .
In cattle, the serum IgG level is~20 mg ml ÿ1 , and the two major IgG isotypes (IgG1, IgG2) are present in nearly equal amounts. The half-lives of IgG1 and IgG2 have been reported in several studies but the values are divergent between publications [reviewed in (23) ]. However, the data indicate that they both fall in the range of 10-22 days (24, 25) with a slightly longer half-life for IgG2 (26, 27) . It is worth mentioning, that in addition to vascular catabolism, a significant amount of IgG1 is secreted onto mucosal surfaces that may influence its apparent half-life in serum [reviewed in (28) ]. The clearance rates of other bovine Ig classes, similar to other mammalian species, are much shorter, with half-lives of 4.8, 3.4 and 1.9 days for IgM, IgA and IgE, respectively (25) .
In ruminants, the FcRn a chain has been cloned, characterized and its deduced amino acid sequence shows the highest similarity to human neonatal Fc receptor (hFcRn) among the non-primate species (29, 30) . Although the presence of FcRn transcripts in multiple mucosal epithelial cells, which are considered to secrete IgG, has been confirmed (30, 31) , its exact role in IgG transport has not been elucidated and even less is known about its function in IgG homeostasis.
In this study, we have analyzed the interaction of human and bovine IgG with bovine neonatal Fc receptor (bFcRn) by surface plasmon resonance (SPR), radioreceptor assays and the half-life of human IgG in normal and transchromosomic calves producing human Igs.
Methods

Expression and purification of the soluble bovine FcRn
The soluble bovine FcRn (sbFcRn) heavy-chain cDNA (116-982 bp; GenBank AF139106) was PCR amplified with Deep Vent polymerase (New England Biolab, Beverly, MA, USA) from a eucaryotic expression construct described before (29) . The forward primer contains an EcoRI site, a 'Kozak' sequence (italic) and the coding region (underlined) (bFcRnBACU_for: 59-ATC AGA ATT CCC TAT AAA TAT GCG GCT TCC CCG GCC T-39); the reverse primer contains the gene-specific coding regions (underlined), a factor Xa site (italic), a 63His tag coding sequence, a stop codon and an EcoRI site (bFcRnBACU_rev: 59-ATC AGA ATT CCT AAT GAT GAT GAT GAT GAT GAC GAC CTT CGA TCA GCT CCA CCG TGA GGG GCT-39). The lightchain (bovine beta 2-microglobulin; bb2m) cDNA was PCR amplified (11-373 bp; GenBank X69084) with Deep Vent polymerase from a construct which was a kind gift from Shirley Ellis (Compton, UK) (32) . The forward primer contains a BamHI site, a Kozak sequence (italic) and the coding region (underlined) (BB2MBACU_for: 59-ATC AGG ATC CCC TAT AAA TAT GGC TCG CTT CGT GGC CTT-39), the reverse primers contain a BamHI site with the coding region (BB2MBACU_rev: 59-ATC AGG ATC CTG CTG CTT ACA GGT CTC GAT-39). The sbFcRn and bb2m fragments were digested with EcoRI and BamHI, respectively, and ligated into pAcUW51 baculovirus transfer vector (BD Biosciences, San Diego, CA, USA). Clones harboring plasmid constructs with the desired orientation of the gene fragments were fully sequenced.
Recombinant bFcRn was purified from supernatants of baculovirus-infected insect cells (High-5; Invitrogen, Carlsbad, CA, USA), buffer exchanged to 50 mM phosphate at pH 8.0, followed by Ni-NTA chromatography (Ni-NTA superflow, Qiagen, Chatsworth, CA, USA). Protein from an imidazole elution was further purified by gel filtration chromatography and then analyzed on a 15% SDS-PAGE gel, followed by Coomassie blue staining.
SPR experiments
A Biacore 2000 biosensor system was used to assay the interaction of human and bovine IgGs with bFcRn and hFcRn (33) . The biosensor system includes a chip with a dextrancoated gold surface to which one protein (the 'ligand') is covalently immobilized. Binding of an injected protein (the 'analyte') to the immobilized protein results in changes in the SPR that are proportional to the amount of bound protein and read out in real time as resonance units (RU). hFcRn and bFcRn were immobilized by amine coupling chemistry on seperate flowcells at similar coupling densities (hFcRn, 1700 RU; bFcRn, 1800 RU), and a third flowcell was mock coupled using buffer to serve as a blank. Serial dilutions of bovine and human IgGs (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) were injected at room temperature in 50 mM sodium phosphate, pH 6.0, and 150 mM NaCl. Binding reactions were allowed to closely approach or to reach equilibrium and K D s were derived by non-linear regression analysis of plots of R eq (the equilibrium binding response) versus the analyte concentration. Binding data were fit to a model with two classes of non-interacting binding sites as described for the analysis of FcRn with IgG (33, 34) . This model assumes that there are two classes of IgG binding sites on the chip and derives macroscopic equilibrium dissociation constants (K D1 and K D2 ) and the precentage of the total response due to each class of binding sites (f 1 and f 2 ). The higher affinity binding constant (K D1 ), which reflects IgG being bound by two immobilized FcRn molecules (one by each heavy-chain Fc domain), is comparable to the affinities measured in cell binding assays involving membrane-bound FcRn (35, 36) .
at Pennsylvania State University on February 23, 2013 http://intimm.oxfordjournals.org/ Downloaded from bFcRn stable-transfected cells bFcRn heavy-chain stable-transfected bovine mammary epithelial cell line (MAC-T; a kind gift from A. Guidry, USDA, Beltsville, MD, USA) was generated as described previously (29) . Briefly, a construct of the full length of bFcRn heavy-chain cDNA cloned into the pCI-neo eucaryotic expression vector (Promega Corp., Madison, WI, USA) was transfected into MAC-T cells using Ca-phosphate (37, 38) . Cells were then selected with G418 (600 lg ml ÿ1 ) and individual G418-resistant colonies were tested for the presence of the bFcRn by western blot using an affinity-purified specific antibody against an oligopeptide (CLEWKEPPSMRLKAR, amino acids 173-186) of bFcRn (30) .
pH-dependent IgG binding and uptake of the transfected and untransfected cells were analyzed by single-point competitive binding assay according to the protocol of Story et al. (39) . Briefly, bovine and human IgGs (Sigma-Aldrich, St Louis, MO, USA) were labeled with Na 125 I to a specific activity of~10 Ci lmol ÿ1 using Chloramine-T (Sigma-Aldrich). The cells expressing the bFcRn were first washed with DMEM, pH 6 or 7.5. Then, bovine-125 I-IgG or human-125 I-IgG in DMEM, pH 6.0 or 7.5 with or without unlabeled bovine, human IgG and chicken IgY (Sigma-Aldrich) in 1000 molar excess was added. The cells were allowed to bind and internalize IgG for 2 h at 37°C and then unbound ligand was removed with washes of chilled PBS, pH 6.0 or 7.5. Bound radioligand was measured in a gamma counter. Viability of the cells before and after the assay was checked by trypan blue exclusion assay.
Competitive binding assays
For the competitive binding assay, we measured the binding of a single concentration of radiolabeled human IgG in the presence of various concentrations of unlabeled human and bovine IgGs on transfected cells. The binding assay was performed as it was indicated above, except we performed the assay only at pH 6 with increasing amount (2-fold serial dilutions from 1000-to 0.06-fold molar excess) of unlabeled bovine and human IgG, as competitors. The cells were allowed to bind and take up IgG for 2 h at 37°C; then unbound ligand was removed with washes of chilled PBS (pH 6.0). Inhibitory concentration 50% (IC 50 ) values were calculated using Prism for Windows, version 4.0 (GraphPad Software, San Diego, CA, USA).
FcRn detection in an endothelial cell line (bovine aortic endothelial cells), in tissue capillary endothelial cells and in the kidney Reverse transcription-PCR. RNA was isolated from primary bovine aortic endothelial cells (bAECs, Cambrex Bio Science, Walkersville, MD, USA) by TRIzolÒ reagent (Invitrogen). cDNA was synthesized using standard methods and was subsequently used in PCR with a primer pair specific for bFcRn (matching or complementary to bases 914-932 or 1028-1047). PCR products were analyzed by agarose gel electrophoresis.
Immunohistochemistry. Intestinal, skin and kidney samples were collected at the slaughterhouse from healthy Holstein cattle. Samples were analyzed by immunohistochemistry as described previously (30) . Briefly, the samples were treated with 1% H 2 O 2 to inactivate endogenous peroxidases, and then blocked by Tris-buffered saline containing 5% BSA. Sections were subsequently incubated with affinity-purified anti-FcRn in 1% BSA and then with biotinylated goat anti-rabbit IgG. The secondary antibody was detected with Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA) and 3,39-diaminobenzidine (Sigma Chemical Co., St Louis, MO, USA) was used as a color substrate.
In vivo studies of human IgG and chicken IgY half-lives in calves
Four Holstein calves (heifers),~200 kg, were used to analyze the human IgG clearance. Following a pre-bleed, each calf was injected intravenously (i.v.) with 2 g (10 mg per body weight kilogram; BW kg ) of human IgG (Gammonativ intended for intravenous use was a kind gift from Octapharma, Stockholm, Sweden) in 50 mg ml ÿ1 saline solution and during the next 35 days, periodic blood samples were collected and evaluated for their content of human IgG.
A quantitative ELISA employing an unlabeled affinitypurified goat anti-human polyclonal antibody (goat anti-human IgG (H + L); Pierce Biotechnology Inc., Rockford, IL, USA) as capture reagent and an HRP-conjugated affinity-purified polyclonal goat anti-human IgG (Southern Biotechnology Associates, Inc., Birmingham, AL, USA) as detecting reagent was used to evaluate plasma concentrations of human IgG during the course of the experiment. The peroxidase-conjugated antibody was detected using o-phenylenediamine (Fluka Chemie GmbH, Buchs, Switzerland) as the substrate. Samples were assayed in triplicate. Analysis of the mean human IgG concentration of the animals in the first 6.8 days was done by fitting the data to the two-compartmental model using WinNonLin Professional, version 4.1 (Pharsight, Mountain View, CA, USA). The individual elimination curves were used to obtain the pharmacokinetic parameters. The individual values were averaged, and the standard deviation was calculated.
Bovine IgG specific to the human IgG was detected by an ELISA assay employing the human IgG as capture reagent and after blocking (in 0.02 M Tris buffer containing 0.1% Tween 20 and 1mg ml ÿ1 ovalbumin for 1 h at room temperature), incubating with a peroxidase-conjugated affinity-purified goat anti-bovine IgG (H + L) (Jackson ImmunoResearch Laboratories, Inc.) as a detecting reagent. Samples were assayed in triplicate.
In a control experiment, we injected 1 g (5 mg per BW kg ) of chicken IgY which was purified from egg yolk (a kind gift from Vilmos Palya, CEVA Phylaxia, Budapest, Hungary) i.v. into two Holstein calves weighing~200 kg and during the next 21 days periodic blood samples were collected. A quantitative ELISA employing a monoclonal anti-chicken IgY (Biodesign International, Saco, ME, USA) as capture reagent and an HRP-conjugated affinity-purified polyclonal rabbit anti-chicken IgY (Fc) (Biodesign International) as detecting reagent was used to evaluate plasma concentrations of chicken IgY during the course of the experiment. Samples were assayed in triplicate. Pharmacokinetic parameters were calculated by non-compartmental method, using the computer program WinNonLin Professional, version 4.1 (Pharsight). Serum concentration-time curve was calculated using the linear trapezoidal rule; however this was estimated by extrapolation from the apparent linear portion of the semi-logarithmic plot after the predicted steady-state situation (day 2) and before the change in the kinetics due to the onset of the immune response against the chicken IgY. The individual elimination curves were used to obtain the pharmacokinetic parameters. The individual values were averaged.
All experimental procedures were approved by the Animal Care and Ethics Committee of the Faculty of Veterinary Science, Szent Istvá n University and complied with the Hungarian Code of Practice for the Care and Use of Animals for Scientific Purposes.
In vivo studies of human IgG half-life in human artificial chromosome-transgenic cattle Two calves, weighing~300 kg, 104 (#) and 1153 ($) were derived by cloning from a line of primary bovine fibroblasts that had been derived from an Angus-Simmental cross and transfected with a human artificial chromosome that bore the complete unrearranged human lambda (Igk) and heavy-chain (IgH) loci. Following a pre-bleed, each calf was injected i.v. with 6 g (20 mg per BW kg ) of human IgG (Panglobulin intended for intravenous use, Blood Transfusion Service, Swiss Red Cross, Berne, Switzerland) in 60 ml of saline and during the next 42 days, periodic blood samples were collected in EDTA tubes and evaluated for their content of human IgG. A quantitative ELISA employing an unlabeled affinity-purified bovine anti-human polyclonal antibody as a capture reagent and a biotinylated affinity-purified bovine anti-human polyclonal antibody as a detecting reagent was used to evaluate plasma concentrations of human IgG during the course of the experiment. Samples were assayed in triplicate. The mean human IgG concentration data of the two animals were fitted with a two-compartmental model using WinNonLin Professional, version 4.1 (Pharsight). The individual elimination curves were used to obtain the pharmacokinetic parameters. The individual values were averaged.
All experimental procedures were approved by the Animal 325 Care and Ethics Committee of Hematech, LLC (limited liability company) where all of the animal experiments were conducted using procedures that were deemed in full compliance with the rules of the institutional IACUC (Institutional Animal Care and Use Committee) which was chartered by the federal government of the United States.
Results
SPR experiments
Recombinant sbFcRn was generated, purified and then analyzed by Coomassie blue staining which detected two bands at molecular weights of 31 and 12 kDa, representing the sbFcRn and bb2m, respectively (data not shown). The interaction of bovine and human IgG with bFcRn and hFcRn at pH 6.0 was investigated using a SPR assay. bFcRn and hFcRn (33) were covalently immobilized onto a biosensor chip, and a series of injections containing 2 nM-10 lM human or bovine IgG were allowed to reach or nearly reach equilibrium ( Fig. 1A and B) . These data were fit to a model with two classes of non-interacting binding sites, yielding two equilibrium dissociation constants, K D1 and K D2 , along with their fraction occupancies, f 1 and f 2 ( Table 1) . For the high-affinity population (K D1 ), which generally accounted for the majority of the binding response, the dissociation constants were 0.45 nM for human IgG over bFcRn, 2.0 nM for bovine IgG over bFcRn, 4.9 nM for human IgG over hFcRn and 430 nM for bovine IgG over hFcRn ( Fig. 1 and Table 1 ).
Generating a stable transfectant bovine cell line (B4) and testing its binding ability to bovine and human IgG G418-selected bFcRn-transfected cell clones were assessed by western blot using rabbit anti-peptide antisera raised against an epitope of the bFcRn heavy chain (amino acids 173-186) (30) . From among several resistant bFcRn/MAC-T clones, we selected one (B4) which strongly expressed ã 40-kDa band which is consistent with the known molecular weight of the bFcRn a chain (29, 30) . There was no hybridization in the untransfected MAC-T cells ( Fig. 2A) . To determine whether the bFcRn/MAC-T clone (B4) expressed a functional FcR, we first measured its binding to radiolabeled bovine IgG. We could detect specific binding at pH 6 in the case of B4 cells, but not in the untransfected control. There was no specific binding at pH 7.5 (Fig. 2B) . Next, we analyzed their binding to bovine IgG, human IgG and chicken IgY. We found that B4 cells bound bovine and human IgG specifically at pH 6.0 but not at pH 7.5, and there was no binding of the chicken IgY. Although, the amount and the specific activity of the labeled bovine and human IgGs were similar, human IgG binding was much greater (>10 times) than bovine IgG uptake. The binding of bovine IgG was completely displaced by non-labeled bovine and human IgG, but not by chicken IgY, added in 1000-fold molar excess. This single-point competitive binding assay also revealed that radiolabeled human IgG was completely displaced by excess of nonlabeled human IgGs, but only partially by adding 1000-fold molar excess of non-labeled bovine IgGs (Fig. 2C) . We have also checked viability of cells before and after binding and found no differences (viability exceeded 98% in both cases).
Although, the single-point competitive binding assay suggested that bFcRn preferably binds human IgG, we performed a more comprehensive analysis to accurately evaluate the Table 1 . Binding affinities derived from the data in panels A and B of Fig. 1 Immobilized bFcRn Immobilized hFcRn (Fig. 3A) . Comparison of the IC 50 values indicated that human IgG showed an increased in binding to bFcRn at pH 6 of~43-fold better than the bovine IgG, whereas the IC 50 values were 1.52 3 10 ÿ9 and 6.6 3 10 ÿ8 M for the human and bovine IgG, respectively (Fig. 3B) .
FcRn detection in an endothelial cell line (bAEC), in tissue capillary endothelial cells and in the kidney
First, reverse transcription-PCR was used to detect bFcRn heavy-chain transcripts from primary bovine arterial endothelial cells that resulted a bFcRn-specific fragment (data not shown). We then analyzed small intestinal tissue and skin sections to reveal their bFcRn expression. FcRn expression was detected in the endothelial cells of the intestinal (duodenum) sub-mucosal connective tissue and skin using affinity-purified anti-FcRn rabbit sera ( Fig. 4A and B) .
We subsequently investigated whether, under physiologic conditions, FcRn was expressed in adult kidneys. Normal bovine kidney tissues were stained with an antiserum to bFcRn using immunohistochemistry, and demonstrated weak, nonspecific staining in the glomeruli and granular staining on proximal tubular cells, associated with the basal side. No staining was detected in the interstitium, medulla or distal tubular cells (Fig. 4C) .
Pharmacokinetics of human IgG and chicken IgY in normal calves
The pharmacokinetic behavior of the human IgG was first examined in four normal calves. Ten milligrams per BW kg human IgG were injected and its levels in serum were measured with a sandwich ELISA. The ELISA was human IgG specific and did not show cross reactivity with bovine Igs. The clearance curves was triphasic, with phase 1 (alpha phase) representing equilibration between the intravascular and extravascular compartments, phase 2 (beta phase) representing a slow elimination, while phase 3 showed an increased rate of removal of human IgG from the intravascular space. Mathematical modeling of phases 1 and 2 until days 6.8 have shown good correlation to the general scheme of FcRnmediated IgG pharmacokinetics (6), hence we calculated the alpha-and beta-phase half-lives of human IgG in this time frame. The estimated alpha-phase half-lives were 0.22 6 0.21 (mean 6 SD), while the beta-phase half-life was 32.8 6 1.86 days, based on the two-compartmental modeling analysis. However, the latter data showed a high uncertainty due to the short period of time that could be analyzed (Fig. 5A and Table 2 ).
We also analyzed the anti-human IgG antibody level in the sera of the calves with an ELISA which detected bovine IgG specific to human IgG. We found that anti-human IgG antibody first appeared~7 days after intravenous administration of human IgG and then its level continuously increased. Following the appearance of endogenous anti-human IgG antibodies, human IgG concentrations in plasma rapidly decreased and therefore presence of these antibodies coincided with phase 3, representing an increased clearance of the human IgG (Fig. 5A) .
The pharmacokinetic behavior of the chicken IgY was also analyzed in two normal calves. Chicken IgY level was measured in sera and found a marked acceleration of clearance compared with the human IgG. Due to the fast catabolic rate, alpha and beta phases were not distinguisable. Furthermore, from day 8, there was a sudden drop of the IgY level probably due to antibody response against it. Levels of non-neutralizing antibodies were not assessed in this experiment. The half-life for chicken IgY in these animals was only 2.39 days, analyzed between days 2 (from the presumed steady-state situation after injection) and 6 ( Table 2) .
Pharmacokinetics of human IgG in transgenic calves
We substantially performed a similar experiment in cloned transchromosomic calves producing human Igs (4), where immunogenicity of human IgG does not pose a problem. Additionally, these animals had relatively low level of endogenous human Igs (human Ig levels prior to injection of human IgG was~13 lg ml ÿ1 ) and injecting 20 mg per BW kg human IgG i.v. resulted a concentration of~200 lg ml The human IgG concentration in these animals was~200 lg ml ÿ1 after phase 1 of the clearance curve (alpha phase) which correlated well with the human IgG concentration in our first calves in the same phase (~90 lg ml ÿ1 ), since the latter animals received twice as much human IgG per BW kg . As expected, we did not observe a change in the kinetics of phase 2 (beta phase) due to the onset of the immune response and hence we could analyze the half-life of human IgG in cattle for 42 days. Based on the two-compartmental modeling Fig. 4 . Immunohistochemical analysis of the cattle small intestine (duodenum), skin and kidney was performed using affinity-purified anti-FcRn rabbit sera. FcRn expression was detected in the endothelial cells of the sub-mucosal connective tissue in the duodenum (A) and subcutaneous connective tissue (B); asterisks indicate blood vessels). In a normal bovine kidney tissue (g, glomerulus; pt, proximal tubule; dt, distal tubule) the assay demonstrated weak, nonspecific staining in the glomeruli and granular staining was observed on proximal tubular cells, associated with the basal side. No staining was detected in the interstitium, medulla or distal tubular cells (C). Sections were counterstained using Mayer's hematoxylin. Bars ¼ 50 lm.
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Discussion
In the current study, we have analyzed the role of the bFcRn in IgG catabolism in normal and transchromosomic cattle that produce human Igs (4). We first analyzed the binding affinity of the bovine and human IgGs to the bFcRn on SPR and found that in both cases specific interaction occurred at pH 6, however there was no interaction at pH 7.5. Surprisingly, human IgG bound much stronger to bFcRn than bovine IgG did ( Fig. 1 and Table 1 ). In a control experiment, we found very weak, basically insignificant binding of bovine IgG to hFcRn, reaffirming the previous data (40) . In our SPR experiments, FcRn was immobilized rather than IgG to mimic the physiological situation in which membrane-bound FcRn interacts with soluble IgG and to facilitate comparisons with previous biosensor-based assays. The data do not fit well to a one-site model, and were therefore fit to a two-site model, as described in our previous publication (33) .
Consistent with the results of the SPR studies, we detected specific binding of both the bovine and human IgG to the bFcRn stably transfected epithelial cells at pH 6, but not at pH 7.5, in a single-point competitive binding assay (Fig. 2) . Noteworthy, the increased binding of human IgG to bFcRn at pH 6 did not exhibit a parallel increase in binding at pH 7.5 ( Figs 1 and 2 ), hence human IgG should not be trapped in cells that express FcRn, as occurs with some mutant human IgG1 molecules in mice (41). We could not observe specific interaction between chicken IgY and bFcRn. It has been long known, that mammalian FcRn does not bind to IgY (42, 43) and mammalian IgGs do not transfer into the chick embryo (44) , suggesting that a distinct receptor might be involved in IgY transport. This receptor, a phospholipase A2R homolog, has been recently isolated and characterized (45) .
In a competitive binding assay, comparison of the IC 50 values indicated that human IgG showed an increase in binding to bFcRn at pH 6 of~40-fold better than the bovine IgG (Fig. 3) . This result correlates well with our SPR results ( Fig. 1 and Table 1 ), which indicated that the affinity of bFcRn for human IgG (K D1 = 0.45 nM) was many times higher than for bovine IgG (K D1 = 2 nM). The difference in binding affinities A total of 10 mg per BW kg human IgG was injected in the animals and their sera levels were measured with a sandwich ELISA during the course of the experiment. Samples were assayed in triplicate and error bars represent the standard deviation. Black line indicates the first 6.8 days of the mean human IgG concentration of a representative animal which were fitted with a two-compartmental model using WinNonLin (Pharsight). This period is further emphasized by a gray rectangle. Based on this analysis, the estimated human IgG half-life of alpha phase was 0.35 day, while the betaphase half-life was 32.9 days, although it has a high uncertainty due to the short period that could be analyzed. In the following days, the mean human IgG data were plotted without analysis. Calves generated immune response to the human IgG as it can be seen by the dotted line and open circles. (B) Pharmacokinetics of human IgG in transchromosomic calves. The modeled data (simulated based on the geometric mean of the primary pharmacokinetic parameters) as well as the observed mean serum antibody concentration (lg ml ÿ1 ) for the two animals were plotted as a function of time (days after injection) of human IgG. Samples were assayed in triplicate and error bars represent the standard deviation. Based on the two-compartmental modeling analysis, the half-life of alpha phase was 0.32 day, while the beta-phase half-life was 33.25 days. Values represent either the mean and the range of two calves or mean 6 SD where four calves were used. C max , maximum serum antibody concentration; CL, clearence; AUC, area under the curve; t 1/2 , elimination (beta phase) half-life in serum.
between bovine and human IgG to bFcRn, analyzed by the in vitro receptor assay is greater than that we found by, possibly due to the condition we used. FcRn is localized primarily intracellularly in epithelial and endothelial cells and only a small fraction of it participates in IgG binding on the cell surface (43, 46) . It is also directly involved in exocytic events involving transported IgG at the plasma membrane (47) . In our case, the receptor assays occurred at pH 6 which allowed more efficient IgG binding to the surface bFcRn in the transfected MAC-T cells and hence, more effective uptake relative to the untransfected MAC-T cells where only fluid phase processes (Fig. 2B) . Furthermore, the condition of the assay (pH 6) results poor release of the IgG during exocytic events involving FcRn at the plasma membrane. Thus, the IgG that has higher affinity to the receptor accumulates at substantially higher level in the cells, as we observed in the case of human IgG comparing it to the bovine IgG (Fig. 2C) . The situation described here reflects a recent finding, in which the binding characteristics of a mutated human IgG that has higher affinity and reduced pH dependence to FcRn were analyzed (48) . Although, the binding experiments in that case were performed at pH 7.2, the reduced pH dependence of the mutated IgG allowed effective binding to the cell surface and poor release during exocytosis, resulting in similarly high accumulation of the mutated molecule (48) . As our competitive binding assay was also performed at pH 6, the competition between human and bovine IgGs occurred primarily at the cell surface due to the FcRn molecules that locate originally, albeit at low concentrations, in the membrane and to those receptors that are involved in the exocytosis and thus the data we got reflects to the affinity difference between human and bovine IgGs (Fig. 3) . Biochemical studies of membrane-bound and soluble forms of FcRn demonstrate that IgG binding is pH dependent: there is strong binding (nanomolar K D ) under the acidic conditions (pH~6.0) found in endosomal compartments and in rodent intestines, while at the slightly basic pH of blood (pH 7.4), there is no detectable binding (14) . From mutagenesis and crystallographic studies, the mechanism of this pH dependence has been shown to involve chemical rather than conformational changes (49) (50) (51) . Specifically, there are attractive interactions at acidic pH between protonated histidines on Fc and negatively charged side chains on FcRn, which are lost upon deprotonation of the Fc histidines at basic pH (50) . The sequences of FcRn genes isolated from other organisms, including pig (52), sheep (30) , macaque (GenBank accession number AAL92101), brushtail possum (53) and cow (29) , suggest that the features described above for rodent and hFcRn proteins are shared in the other mammalian orthologs. A comparison between rat, mouse, hFcRn and bFcRn alpha chain and b2m residues which are supposed to be involved in binding to IgG molecules have been extensively analyzed based on a crystallography analysis of a rat FcRn-heterodimeric Fc complex (50) . This study compared important residues in the interaction and found that amino acid residues of rat Glu117 and Glu132 are conserved (although Glu132 is replaced by Asp132 in humans and cows), indicating that the two pH-dependent salt bridges involving amino acid residues His310 and His435 of the IgG/Fc would still form at pH 6. Asp137 is not conserved, as the hFcRn sequence has Leu (neutral) and the bFcRn has Arg at this position. In the rat, the FcRn Asp137 interacts with His436 of IgG, however, His436 is not conserved in all Fcc chains and neither the human nor the bovine has His at that position (Tyr or Phe in human Fcc chains and Tyr in the bovine Fcc chains). It is interesting that the counterpart of Asp137 is a positively charged residue (Arg) in the cattle [and also in the sheep and pig sequences (30, 52) ], which would imply that it cannot be interacting with a positively charged His on IgG Fc, so the prediction would be that bFcRn should not bind any rat IgG subclass as they all have His at position 436. Another residue Trp133, which is a solvent-exposed tryptophan in FcRn that is required for binding between rat FcRn and Fc, is conserved in all sequences analyzed so far. Residues 250 and 251, both are histidines in rat FcRn and interact with a negatively charged residue, Glu89, on rat b2m in the FcRn dimer, which have been detected in some crystal forms (54) . Positions 250 and 251 are conserved as His in all FcRn sequences, however, b2m position 89 is not conserved as human and bovine have Gln at this position, and hence this interaction does not take place in all species. Based on the similarities between hFcRn and bFcRn heavy chain and b2m sequences, listed above, one would not predict an increased affinity of the bFcRn to human IgG.
Earlier pharmacokinetic studies have indicated that the catabolic site for IgG and other proteins was most likely the vascular endothelium (5) . Distribution studies of murine IgG1, Fc fragments and anti-FcRn antibodies have demonstrated that the major sites of FcRn function in adult, non-pregnant mice are skin and muscle, with a lesser involvement of liver and adipose tissue (20) . Supportive of this hypothesis are the findings that FcRn alpha chain is expressed in many tissues, and it has been detected in both mouse and human endothelial cells (20, 55) . In accordance with these results, we could amplify FcRn alpha-chain cDNA from primary bAEC and also show its expression in capillary endothelial cells of the skin and small intestine (Fig. 4) . FcRn is also expressed in human renal glomerular epithelial cells and in the brush border of the proximal tubular cells (56) . More recently, it has been demonstrated that monolayers of a cell line derived from proximal tubular cells are able to transcytose intact IgG (57) . These data led to the suggestion that FcRn may play a role in the reabsorption of filtered IgG, and hence the minimization of the role of urinary excretion as a route of IgG elimination (6) . We demonstrated the expression of FcRn alpha-chain mRNA in a bovine kidney epithelial cell line (MDBK) in our earlier study (29) . Here we have shown the presence of the FcRn alpha chain in the basal side of the proximal tubular cells of the kidney, but not in the glomerular epithelial cells (Fig. 4) . Although, the cellular localization of bFcRn is different in the proximal tubular epithelial cells compared with its human counterpart (56), we suggest that the function should be similar, as urine in healthy cattle also contains only trace amounts of IgG (28) .
The elimination of IgG is known to be concentration dependent, where half-life decreases as a function of increasing serum IgG concentrations (5) . Therefore, we used a single intravenous injection of human IgG dose of 10 and 20 mg per BW kg in our in vivo models, since this amount is considered to lead to insignificant changes in the apparent elimination rate constant of IgG (6) . As with other drugs, the overall extent of distribution of the injected Ig is typically quantified by inferring the ratio of the mass of the Ig in the body at the steady state http://intimm.oxfordjournals.org/ and the concentration of Ig in plasma at steady state (58) . For most antibodies, tissue : blood concentration ratios are found to be in the range of 0.1-0.5 (59, 60) . Given that the plasma volume is 3-5% of the total body volume, Ig in plasma are expected to comprise~20-50% of all antibodies in the body (6) . In our study, the plasma steady-state concentration (2-3 days after injection) of the human IgG was~90 lg ml ÿ1 and 200 lg ml ÿ1 in normal and transchromosomic calves, respectively (Fig. 5) . These values indicate that the plasma of these calves contained 30-50% of the injected human IgG, which fits well to the model in which antibody does not bind with high affinity to extravascular sites (6) and also to an earlier study suggesting that bovine IgG1 and IgG2 were divided almost equally between the intra-and extravascular pools before parturition, in cows (61) .
In normal calves, the injected human IgG led to an immune response which we could detect at~7 days following administration, with a peak antibody concentration observed at~16 days. We also found that the presence of anti-human IgG antibodies led to an increased elimination rate of the human IgG (Fig. 5) . These results are in good agreement with previous studies, regarding the time course (62) and pharmacokinetic effect of induced antibody responses (63) . Determination of the human IgG beta-phase half-life resulted in a value of~33 days ( Fig. 5A and Table 2 ), although with high uncertainty, due to the relatively short period. We also found that the chicken IgY, which does not bind to bFcRn (Fig. 2) , is cleared rapidly (Table 2) , as it has been indicated in previous studies in cattle (64) and mouse (17) .
To accurately analyze the catabolism of human IgG in cattle, we used transchromosomic calves, in which human IgG administration does not elicit an antibody response. Therefore, we did not observe a change in the kinetics of the beta phase and hence, we could accurately analyze the mean elimination (beta phase) half-life of human IgG in a relatively long time scale, in these animals. Based on these results, the betaphase half-life of the human IgG was~33 days (Fig. 5B and  Table 2 ), which is 1.5-3 times longer compared with its bovine counterpart, supposing that the beta-phase half-life of bovine IgG is in the region of 10-22 days (24, 25) . This result agrees well with data of a most recent study in which mutated human IgG2 molecules, which bound 28-fold stronger to hFcRn as compared with wild-type antibody at pH 6, but did not interact at pH 7.5, showed a 2-fold longer serum half-life in rhesus monkeys (19) . Worth mentioning, that human IgG binds much stronger to the bFcRn as compared with the hFcRn (>10 order magnitude, Fig. 1 and Table 1 ) which is also in good agreement to the longer half-life of human IgG in cattle in contrast to its half-life in humans (21 days).
In summary, we have demonstrated that bFcRn binds both bovine and human IgGs in a pH-dependent manner. Furthermore, bFcRn is expressed, among other tissues, in capillary endothelial cells and in the kidney which are involved in IgG metabolism. We could also show a longer half-life for the human IgG in calves, indicating that there is correlation between pH-dependent binding affinity of IgG antibodies to FcRn and their serum half-lives, as has been previously demonstrated in mice and rhesus monkeys. These data suggest that FcRn is involved in IgG homeostasis in cattle and furthermore, that transchromosomic calves producing human Igs can effectively protect their human IgG. The latter has implications for the successful large-scale production of therapeutic antibodies in these animals. Future studies should be aimed at testing the different human and bovine IgG isotypes interaction with the bFcRn, the role of bFcRn in secreting IgG onto the mucosal surfaces and into colostrum/ milk and how this process influences human or bovine IgG metabolism in these animals.
